Introduction
There is evidence that suppression of the immune system may occur during infection with a variety of infectious agents. In both humans and mice, depressed lymphocyte proliferation to Toxoplasma gondii antigens has been observed (1) . The currently recognized mechanism by which this immunosuppression can be induced is through stimulation and production of specific immune down-regulatory modulating molecules, such as IL-10, and the reactive intermediate NO. Both of these molecules have now been shown to be important in regulating the immunosuppressive response during the course of acute Toxoplasma infection in mice (2, 3) . Maximal suppression occurs at day 7 post-infection and is associated with a rise in both the expression and production of IL-10 and transforming growth factor (TGF>p. The down-regulatory response can be partially reversed by the addition of antibody to IL-10 as well as the NO antagonist, LNMMA. Associated with suppression of immune response is a decrease in the production of IL-2 (4).
Although the suppressive nature of IL-10 and NO can be partially reversed with antagonists, the depressed proliferative response is not fully restored. Alternatively, the parasite could ensure its survival in the infected host by the induction of an anergic-like condition or immune tolerance. Studies by McLeod et. al. have demonstrated significant reduction of the proliferative response of lymphocytes from infants congenitally infected with T. gondii compared with normal infant and adults (5) . T cells can be rendered unresponsive by a number of different mechanisms. For example, exposure of antigen naive T cells to either bacterial or viral superantigens may result in a population of enlarged, anergic T cells expressing specific Vp chains in the TCR (6) (7) (8) . These cells fail to proliferate in response to antigenic stimulation unless co-cultured with exogenous IL-2. Alternatively, T cells stimulated via the CD3 + receptor in the absence of co-stimulatory molecules such as CD28 or CTLA-4 can be driven into an unresponsive state + T cell unresponsiveness in T. gondii that may be overcome by the addition of exogenous cytokines, in particular IL-2 (9) .
Although CD8 + T cells have been shown to be of critical importance in host protection against Toxoplasma infection (1), the role of CD4 + T cells in the host response is controversial. Previous reports have shown that CD4 + cells may be important in controlling the immune response to parasite vaccination (10, 11) and moreover they exhibit cytolytic activity against a parasite-infected target cell (12) . However, depletion of the CD4 + subset alone alters establishment of a protective immune response but does not alter an established infection (13, 14) . In this report we describe the phenotypic and functional changes in the CD4 + T cell population during acute T. gondii infection in mice. During the first 7 days post-infection, this population of T cells enlarge and express phenotypic characteristics associated with activated/memory T cells. As the population becomes progressively more homogenous, there is a welldefined increase in the number of CD4 + T cells bearing specific Vp5 TCR elements, in particular V p 5. These T cells do not respond to mitogen, fail to produce IL-2 and appear to be anergic until exposed to exogenous IL-2.
Methods

Parasites and mouse infection
Tissue culture derived tachyzoites of the cloned P strain (Me49) were used for all studies. Parasites were maintained by routine passage in human fibroblast cells in Eagle's minimal essential medium supplemented with 10% newborn calf serum. All studies were performed in 5-to 6-week-old female C57BL/6 mice (Bar Harbor, ME). Parasite infection was established by i.p. infection with 2X10 4 parasites. Mice were evaluated daily for evidence of clinical infection (ruffled fur, weight loss).
To prepare whole parasite lysate (TgAg), P strain tachyzoites were cultured in human fibroblasts and released by forced extrusion through a 27 gauge needle. Parasites were separated from host cell debris by passage over a glasswool column, made soluble in 0.5% deoxycholate and dialyzed against PBS for 24 h. Protein concentration of the TgAg preparation was determined by a commercial assay (BioRad, Cambridge, MA).
Isolation of T cells and antigen-presenting cells (APC)
Splenocyte preparations were depleted of erythrocytes by lysis in a red blood cell lysing buffer (Sigma, St Louis, MO). CD4 + T cells were purified either by passage over a murine CD4 + T cell affinity column (Pierce Rockford, IL) or magnetic bead separation (Miltenyi, Auburn, CA). For magnetic bead separation, CD4 + T cells were isolated by incubation of the splenocyte population with anti-CD4 bound to microbeads and separated as per the manufacturer's suggestions. The purity of the CD4 + T cell subset was determined by direct staining with FITC-labeled anti-CD4 (PharMingen, San Diego, CA) and FACS. This assay demonstrated a >95% homogenous cell population. When required, further purification was accomplished by FACS that resulted in >99% purity.
For APC isolation, splenocytes from the uninfected syngeneic mice were depleted of T cells by treatment with antiThy-1.2 (HO 13.14; ATCC, Rockville, MD) for 1 h at 4°C. Antibody treatment was followed with a 1:6 dilution of LowTox rabbit complement (Cederlane, Ontario, Canada) for 45 min at 37°C. Depletion of T cells was measured by staining with FITC-labeled anti CD3 (PharMingen) and FACS analysis wherein <5% stained positive. These cells were irradiated at 3000 rad for 3 min.
Proliferative response
The proliferative response was determined by culturing 2X10 5 purified CD4 + T cells in the presence of 1X10 5 irradiated APC in Iscove's DMEM supplemented with 10% FCS in 96-well plates. The cells were cultured with either 5 \ig /ml of concanavalin A (Con A), 10 (ig/ml of anti-CD3, or 5 p.g/ml of TgAg. After 72 (for either Con A or anti-CD3) or 96 h (TgAg) incubation the cells were pulsed with 0.5 nCi [
3 H]thymidine (sp. act. 49 mCi/mmol; ICN, Costa Mesa, CA) for 6 h. Cells were harvested on a glass filter by automated multiple sample cell harvester, dried and incorporation of radioactive thymidine determined by liquid scintillation.
Lymphokine assays
Purified CD4
+ T cells were cultured at 10 6 cells /ml with control APC at the concentration of 5X10 5 cells/ml and with 5 |ig/ml of Con A or TgAg. The cells were cultured as mentioned above and the supernatants were collected after 24 h (IL-2) and 48 h (IFN-Y and IL-10). IL-2 levels were determined by using an IL-2-dependent cell line CTLL (15) . Titers for IFN-y and IL-10 were determined by ELISA using commercially available reagents [IFN-yfrom Genzyme (Cambridge, MA) or IL-10 from Endogen (Cambridge, MA)].
Northern blot analysis
RNA was extracted from affinity purified CD4 + T cells in TRIzol (Gibco/BRL, Gaithersburg, MD) as described previously (16) . Briefly, 10 \ig total cellular RNA was loaded onto a 1.2% agarose-formaldehyde gel and transferred to a nylon membrane (Hybond-N + ; Amersham, Arlington Heights, IL) with 0.05 N NaOH. The membrane was pre-hybridized in 5XSSPE (1XSSPE is 0.15 M NaCI, 10 mM NaPO 4 and 1 mM EDTA, pH 7.4)-0.5% SDS-20 ^g/ml of salmon sperm DNA at 65°C for at least 1 h. The filter was hybridized separately with cDNA probes for murine CTLA-4 cDNA (kindly supplied by Dr Craig Thompson, University of Chicago, IL) and human (J-actin (Clontech, Palo Alto, CA) overnight at 65°C. Probe was labeled with [a- 32 P]dATP to a sp. act. of >10 9 c.p.m./ng by the random-primer labeling method (Boehringer, Mannheim, Germany). The filter was washed twice with 2xSSPE-0.1% SDS for 10 min at room temperature, twice with 1XSSPE-0.1% SDS and finally with 0.1 xSSPE-0.1% SDS at 52°C for 10 min. Autoradiography was performed at -70°C for 24 h.
FACS analysis
Direct immunofluorescence. Freshly derived splenocytes were resuspended in red blood cell lysing buffer (Sigma), washed and resuspended in PBS containing 3% FBS and 0.1 % sodium azide. Cells (1X10 6 ) were stained for immunofluorescence with FITC-and/or phycoerythrin-labeled antibody on ice for 45 mm (PharMingen). All the directly stained antibodies were obtained from same source. Cells were either fixed with 1% methanol-free formaldehyde in PBS or analyzed immediately on a FACScan flow cytometer (Becton Dickinson). Analysis was done with the Lysys II program.
Cell viability was determined by exclusion of propidium iodide (PI). For this, cells were prepared as described above and stained with FITC-conjugated anti-CD4. Just prior to FACS analysis, PI was added to cells at a final concentration 5 ng/ml. Those cells excluding PI were identified by the dot blot pattern representing the percent of forward scatter on the histograms.
Indirect immune-fluorescence. Purified CD4 + T cells were cultured with irradiated APC and Con A for 48 h, than labeled with hamster anti-mouse anti-CD28 (kindly supplied by Dr J. Allison, University of California, Berkeley, CA) for 1 h on ice After two washes with in PBS containing 3% FBS the cells were stained with FITC-labeled anti-hamster F (ab') 2 (Caltag, San Francisco, CA) for 1 h on ice and analyzed by FACS.
Assay of programmed cell death (PCD)
DNA fragmentation. CD4 + T cells obtained at day 0, 3 and 7 post-infection were cultured for 48 h. The cells were collected, washed and 1x10 6 cells from each sample were analyzed for DNA fragmentation (17) . Briefly, cell samples were run at room temperature on 2% agarose gel in TBE buffer in the presence of proteinase K for 16 h at 18 V. After staining with ethidium bromide the gel was extensively washed with distilled water and photographed
Morphologic determination of cell death. CD4
+ T cells obtained at day 0, 3 and 7 post-infection were cultured for 48 h. The cells were washed, and 1X10 6 cells were stained with acridine orange and ethidium bromide. The cells were examined by fluorescent microscopy at 489 nm and results recorded (18) .
Statistical analysis
Statistical analysis was performed using one-way analysis of variance (ANOVA)
Results
Acute T. gondii infection induces enlargement and maturation CD4
+ T cell subset in mice CD4 + T cells were isolated from the splenocytes of C57BL/6 mice after i.p. infection with an LD 10 ( Fig. 1a-f ) dose of parasites. A progressive volume increase of CD4 + splenocytes was observed by FACS gated for viability by exclusion of PI. As shown in Fig. 1 , we observed a progressive volume increase of CD4 + splenocytes by FACS gated for viability by exclusion of PI. There was no significant increase in the number of enlarged CD4 + T cells at either day 0, 3 or 5 postinfection ( Fig. 1a-c) . However, by day 7 post-infection, the number of enlarged CD4 + T cells increased to 72% (Fig. 1d ) that persisted through day 11 (66%) compared with the uninfected control of 19% (Fig. 1a) . By day 18 post-infection the percentage of CD4 + T cells exhibiting increased volume was no longer apparent and had returned to baseline values. Mice receiving a higher dose (LDgo) of parasites died between days 9 and 10 post-infection and showed a similar increase in cell size at day 7 post-infection (data not shown). Similar analysis of the responding CD8 + population failed to demonstrate a significant rise in cell volume during the course of the first 7 days post-infection (data not shown). These observations indicate the T. gondii is able to induce a selective volume expansion of CD4 + T cells that is not dose dependent and reversible if the host survives infection.
To determine whether the enlarged CD4 + T cells were activated and mature, we analyzed for the expression of the surface markers, CD44 and IL-2R (CD25). The majority of purified CD4 + T cells isolated from mice on day 7 postinfection were both CD44 hi and IL-2R hi (CD25) ( Table 1) . Conversely, Mel-14, a surface molecule that is frequently identified with naive or uncommitted T cells, was decreased on day 7 post-infection. A similar phenotypic pattern of the CD4 + T cells persisted through day 11 post-infection. Of note, however, by day 14 post-infection the majority of the CD4 + T cells expressed the CD44 to and Mel-14 hl phenotype, indicating a return to baseline value. Infected mice were also evaluated for the expression of Vp element of the TCR. There was a striking clonal expansion of CD4 + T cells primarily bearing the Vp5 and to a lesser extent Vp11 chain of the TCR (Fig. 2) . Evidence for selection of the Vp5 element first appears at day 3 post-infection and increases by day 7. Activation of the Vp11 subsets is less apparent at day 3, but more pronounced at day 7 post-infection.
Proliferative response of CD4 T cells from T. gondii-infected mice
The ability of the isolated CD4 + T cells to proliferate in response to mitogen stimulation was evaluated. For these studies, CD4 + T cells from both uninfected (day 0) and infected mice at day 3 or 7 post-challenge were compared. As shown in Fig. 3(A) , CD4 + T cells isolated from uninfected as well as day 3 infected mice proliferate in response to Con A. However, when the isolated CD4 + T cells from day 7 post-infection were similarly evaluated, these cells failed to proliferate in response to mitogen (P > 0.05). If these nonproliferating cells were than incubated with 20 pM exogenous IL-2, the proliferative response was partially restored. IL-2 alone is unable to restore the proliferative response in the absence of Con A stimulation (4) . Further evidence for their anergic condition is their inability to proliferate to both anti-CD3 as well as Toxoplasma antigen (Fig. 3B ). The addition of exogenous IL-2 significantly increased the proliferation of both parasite antigen and anti-CD3 driven responses.
A stimulation index was performed in order to ascertain better if the Con A unresponsive CD4 + cells were limited to those cells bearing the Vp5 phenotype. For this study, mice were infected and at day 7 and 18 post-infection, the splenocytes isolated for CD4 + expression by affinity chromatography. The CD4 + cells were further separated by FACS for Vp5 expression following treatment with anti-Vp5 mAb (>95% homogenous). In this experiment (Fig. 3C) , the Vp5 + population from infected mice at day 7 post-infection failed to respond to Con A stimulation, whereas the Vp5 T cells did respond although reduced in comparison to a non-infected, Vp5 control population (66% reduction) By day 18 postinfection, both the V p 5 + and V p 5 T cells recovered and were able to proliferate in response to mitogen stimulation in vitro. We were unable to purify sufficient numbers of Vp5 + T cells from uninfected mice to evaluate the mitogen response in this control group. This study indicates that suppression of the CD4 + T cell response to T. gondii probably involves more than one Vp subset, although Vp5 is probably an important component of this unresponsive subset of CD4 + T cells. To confirm further that CD4 + T cell unresponsiveness at day 7 post-infection is not due to cytokine contamination of the culture with macrophages from the infected mice, columnpurified CD4 + T cells were further separated by FACS. By this procedure, it was determined that the CD4 + T cell ) were dual fluorescence stained with anti-CD4 + -FITC and either anti-CD44-phycoerythnn, anti-IL2R-phyccerythrm or Mel-14-phycoerythrin (PharMingen) and analyzed by FACS Cells were gated for FITC and phycoerythrin fluorescence. Data is shown as mean of three replicates ± SD and is representative of two separate experiments. population was >99% pure. As shown in Fig. 3(D) , the CD4 + T cells from uninfected mice were able to proliferate in the presence of mitogen and irradiated APC, whereas the CD4 + T cells could not.
Cytokine production of CD4 T cells from T. gondii-infected mice
A cytokine analysis of the isolated CD4 + T cells was performed. For this, purified CD4 + T cells were collected from uninfected, day 3 and day 7 infected mice, and co-cultured in the presence of irradiated feeder cells, mitogen or parasite antigen. At 24 and 48 h post-culture, the culture supernatant was collected and assayed for the presence of IL-2, IFN-y and IL-10. As shown in Table 2 , although CD4 + T cells from day 3 and 7 infected mice produced similar amounts of IFNy, this level was increased significantly when the day 3 CD4 + T cells were stimulated with either Con A or parasite antigen. No increase was noted when the day 7 cells were stimulated. The culture supernatant was further evaluated for IL-2. Although day 3 cells were able to produce IL-2 following stimulation with mitogen, there was no detectable IL-2 produced by the day 7 CD4 + T cells in response to stimulation with either mitogen or parasite antigen as previously demonstrated (4) There was a slight increase detected in the levels of IL-10 in the infected and uninfected mice.
T. gondii alters the expression of T cell co-stimulatory molecules CTLA-4 and CD28
Our data suggested that the CD4 + T cells exhibited characteristics consistent with anergy. Expression and stimulation of the co-stimulatory T cell molecules CTLA-4 and CD28 in the context of a functional TCR should induce T cell proliferation. In the absence of co-stimulation, T cells become tolerant and fail to proliferate (19) . Uninfected CD4 + T cells stimulated with Con A did not express detectable message for the CTLA-4 until 72 h incubation when an abundant message for CTLA-4 was observed (Fig. 4) . In comparison, Con A stimulation of CD4 + T cells from mice at day 3 or 7 days post-infection failed to express message for CTLA-4 following 24, 48 or 72 h cultivation in vitro.
The effect of T. gondii infection on the co-stimulatory molecule CD28 was also evaluated. Up-regulation of this molecule has been observed following phytohemagglutinin stimulation of human T cells (20) and Con A stimulation in mice (personal communication with M. Krummel in J. Allison's laboratory). CD4 + T cells from both acutely infected mice and controls were isolated, stimulated with mitogen and analyzed by FACS for expression of CD28. The increase in CD28 expression in uninfected mice in Con A-stimulated CD4 + T cells increased in response to mitogenic stimulation (Fig. 5A ) as compared with unstimulated cultures. In contrast, levels of CD28 expression in CD4 + T cells from day 7 infected mice remained unchanged in response to mitogenic stimulation as compared with unstimulated cells (Fig. 5B) .
Acute T. gondii infection induces CD4 + T cell apoptosis
One long-term consequence to T cells rendered anergic is apoptosis or PCD. A definitive characteristic of cells undergoing apoptosis is the development of a DNA fragmentation pattern that can be readily identified by electrophoretic analysis. Since apoptotic cells are rapidly sequestered by the host, it would be unlikely to identify these cells during acute infection. However, pre-apoptotic cells cultured for 48 h in vitro should accumulate a discernible number of apoptotic cells. For this experiment, CD4 + T cells were isolated from mouse splenocytes at day 0, 3 and 7 post-infection, and cultured 48 h in vitro. The pattern of DNA fragmentation was evaluated by gel electrophoresis. As shown (Fig. 6 ), CD4 + T cells obtained from day 7 infected mice exhibit DNA fragmentation consistent with apoptosis. Further morphologic support that these T cells had undergone PCD was provided by histologic staining. In this experiment, the CD4 + T cells were stained with acridine orange and ethidium bromide to determine the presence of chromatin condensation, a morphologic feature associated with cells undergoing apoptosis. As shown in Fig. 7 , the majority of day 0 and day 3 cultured CD4 + T cells were viable (green), whereas most of the cells from day 7 infected mice were non-viable (orange). (24) as well as Mycobacterium tuberculosis (25) . During MAIDS, the CD4 + T cell subset expansion is polyclonal and not restricted to any particular Vp elements, similar to the observations we have made in this report. However, during HIV infection, a CD8 + T cell subset bearing the Vp8 element is (27) . After 7 days in culture they observed proliferation of a CD8 + T cell subset bearing the Vp5 chain of the TCR in response to soluble parasite antigen. Proliferation of these T cells was blocked by antibody to MHC. Of note is their observation that in vitro proliferation of a CD4 + T cell subset does occur in response to parasite antigen, although this subset was predominately Vp8. Although we observed a polyclonal CD4 + activation there does appear to be several specific Vp elements including V p 3, V p 11 and in particular Vp 5 involved in this response. In addition to non-proliferation, the CD4 + T cells from infected mice exhibit a marked reduction in their ability to produce both IFN-yand IL-2, which are important in modulating the host response to T. gondii (1) . IFN-y appears to be the principal cytokine involved in mediating host protection to acute infection as well as controlling the development of intracerebral brain cysts (28) . Since the CD4 + T cells fail to proliferate in response to mitogen stimulation, their inability to express cytokines is understandable. Of interest is that the addition of exogenous IL-2 can partially reverse the reduced proliferative response. Similarly, Jenkins and co-workers have demonstrated that the anergic state is characterized by failure to produce IL-2 and can be partially corrected by the addition of exogenous cytokine (29) . This, taken together with the observation that these cells express intact IL-2R, would suggest that the defect is in production of IL-2, perhaps by repression of the IL-2 gene as has recently been demonstrated in C57BL mice during T. cnizi infection (30) .
In vitro, antigen presentation in the absence of co-stimulation can lead to functional inactivation or anergy (31) . CD28 is constitutively expressed in both naive as well as activated T cells, whereas CTLA-4 is a T cell activation molecule, present only on the activated T cell (32) . The interaction of these molecules with B7.1 or B7.2 on the antigen presenting cell is required for signal transduction and the production of IL-2 (33) . If CD28/B7 interactions are important for blocking the induction of anergy, than failure to express or blocking of B7 would be predicted to induce unresponsiveness. In the present study, both mRNA expression of CTLA-4 and membrane expression of CD28 are reduced at day 7 post primary infection with T. gondii. The absence of these critical costimulatory factors in the CD4 + T cells from infected mice may be critical to the development of the unresponsive state. Recent studies with CTLA-4-deleted mice demonstrate that although their lymphocytes proliferate, they are susceptible to PCD (34) . This study and that of Tivol et al. (35) imply that CTLA-4 can exhibit both a positive as well as negative influence on T cell activation and immunologic homeostasis. The normal mitogenic response of CD4 + T cells from day 3 infected mice inspite of decreased CTLA-4 can be explained by these observations. During acute Toxoplasma infection, there is a decrease in the expression of CTLA-4. In turn, an uncontrolled activation of these CD4 + T cells occurs that leads to activation induced cell death.
Our data suggest that the fate of the unresponsive CD4 + T cells during acute murine toxoplasmosis may be apoptosis. Recently, activation-induced CD4 + T cell apoptosis during experimental Chagas' disease has been described (21) . In those studies, mice infected with T. cnizi led to immunosuppression of the T cell compartment and the fate of those mitogen stimulated CD4 + T cells was apoptosis. It is possible that in our studies the DNA fragmentation and morphologic alterations we observed are secondary to the effect of in vitro culture. However, because apoptotic cells are rapidly sequestered in the host, isolation of these cells directly from the infected mice would be difficult. During HIV infection, in vitro culture of the non-proliferating CD8 + T cells results in apoptosis as determined by DNA fragmentation. This DNA fragmentation pattern could be partially prevented by the addition of exogenous IL-2 (36). Exogenous IL-2 has been demonstrated to enhance protection against T. gondii infection in vivo (37) . The ability of specific immune modulators to overcome the state of immune unresponsiveness to T. gondii infection needs further exploration It is possible that the well described alteration of the CD4/CD8 ratio during toxoplasmosis may be due to a progressive decline in the CD4 + population as the unresponsive T cells are sequestered and eliminated from the peripheral circulation by the process of apoptosis. Alternatively, these cells may be targeted for other organs such as lymph nodes and the gut. The long-term in vivo fate of these unresponsive CD4 + T cells is currently under investigation
The ability of T. gondii to induce a transient state of T cell unresponsiveness or tolerance in the infected host would be important for parasite survival. We doubt that this transient state of anergy is responsible for inducing host mortality, since there was little difference in the percent of enlarged CD4 + T cells between those mice receiving a high dose (LD90) or low dose (LD 10 ) of parasites, although a major difference in clinical illness between these groups was observed. Rather, we believe this process may be important for parasite survival in the infected host. Whether this state of immune unresponsiveness occurs in humans is not documented, although immunologic tolerance during congenital toxoplasmosis has been described (5) . In these studies McLeod and co-workers demonstrate that lymphocytes from congenially infected children from 1 month to 5 years after birth had specific immunologic tolerance to T. gondii. These lymphocytes exhibit reduced blastogenic response and produce less IFN-7 and IL-2 in response to stimulation than did lymphocytes from either normal children or chronically infected adults. The more severe the infection, the more profound was the defect in lymphocyte function. HIV infection has been reported to render the human immune system anergic (33) . How this parasite, which is a major opportunistic pathogen associated with AIDS, interacts with the effects of HIV to influence this anergic state remains to be explored.
